Infundibular caries (IC) is an important equine dental disorder that can cause premature wear, fractures and apical infection of affected maxillary cheek teeth. No accurate prevalence values for IC are available for UK horses. The feeding of high levels of concentrates is believed to increase its prevalence, but no objective information is available on such possible environmental risk factors. The aims of the study were to document the prevalence of IC in UK horses, assess its distribution and severity between infundibulae and teeth in affected horses and examine for potential risk factors for its development. Using well-defined criteria for grading and recording IC, 25 experienced personnel across the UK completed a questionnaire on their patients. Frequency of IC occurrence was compared between individual teeth and infundibulae using McNemar's tests. Potential risk factors for IC presence were examined using univariable logistic regression prior to building a multilevel multivariable model. Of 706 horses examined, 45.5 per cent had IC, which was most commonly present and most severe in the Triadan 09s (>10>08>06>07>11), with 13.4 per cent of all rostral and 10 per cent of all caudal infundibulae affected. The prevalence of IC was significantly associated with increasing age; the lowest IC prevalence was found in South West England.
Introduction
Equine maxillary cheek tooth infundibular caries (IC) has been documented for more than a century, including by 1 and later by 2 who described an equine caries grading system. This system as modified by 3 remains the standard grading system used to classify the severity of IC as well as peripheral caries (PC). Equine IC is believed to be caused by acidogenic bacteria present in food impacted in infundibular defects as recently reviewed 4 , causing destruction of dental tissue similar to dental caries of brachydont species. 5 Streptococcus devriesei is a recently described bacterium isolated from equine cheek teeth IC lesions 5 but its precise role in the aetiopathogenesis of IC remains unclear. 5 proposed that feeding high levels of concentrates provides a source of fermentable carbohydrates that predisposes to IC. A recent study 6 has shown cemental developmental defects to be commonly present deep in maxillary cheek teeth infundibulae, especially in the Triadan 09 positions and these allow food impaction and likely predispose to IC development.
Equine incisors have shallow infundibulae that have not been reported to suffer from clinical caries. Equine PC is a more recently recognised disease, preferentially affecting the three caudal cheek teeth in each arcade and it currently has a high prevalence in the UK. 7 A separate study 8 recorded its prevalence, intraoral distribution and examined for risk factors in this same equine population.
The aims of this study included clinically assessing the prevalence of equine IC in the general equine population in different areas of the UK, and the severity and the intraoral distribution of IC in affected horses. To achieve this, experienced operators were requested to use standardised criteria to complete dental charts of horses they examined. Other aims of this study were to assess for possible associations between the presence of IC and diet, in particular with the feeding of higher levels of concentrates, the presence of concurrent dental disorders and age.
Materials and methods Study population
The same study population was used for this survey as was used for the epidemiological survey on the prevalence of PC. 8 This study population included horses across the UK which were having their teeth examined by survey participants.
Selection of survey participants
Veterinary surgeons with known high level of skills and knowledge in equine dentistry and members of the British Association of Equine Dental Technicians (BAEDT) were requested to participate in this survey.
Questionnaire and dental chart design
A dental chart and questionnaire (see online supplementary information S1) were developed to record the presence, location and severity of IC in both infundibulae in each tooth using Honma's grading system (Fig 1) . 3 Grading guidelines were sent to participants, including a shorter, laminated field guide (online supplementary information S2-4) A lecture was given to BAEDT members to clarify Honma's grading system and how to record the findings. To minimise selection bias in the prevalence results, participants were asked to not select dental cases but to grade consecutive horses undergoing dental examinations. The questionnaire gathered general information on the horses examined, as well as detailed information on the types and amount of food each horse received throughout the year.
Paper Ethical animal research
The Royal (Dick) School of Veterinary Studies veterinary ethical review committee approved this study.
Caries grading evaluation
To verify the ability of the participants to distinguish normal teeth from caries-affected teeth and to verify their ability to grade caries lesions correctly, all participants received a questionnaire by email upon completion of the survey, in which they were requested to grade images of different grades of IC in affected and normal teeth. Survey results from participants with significant diagnostic deficiencies (ie, could not discriminate between a tooth with IC [Dacre grade ≥1] and a tooth without IC [Dacre grade 0]) would be excluded from the study.
Potential risk factors
The same 14 potential risk factors as described in 8 were used in this survey.
Power of the study
The study had at least 80 per cent power to identify ORs of 1.8 or more, with 95% CI, when the prevalence of exposure in the control population (ie, the proportion of control horses exposed to the risk factor) was between 16 and 75 per cent.
Data analysis
The survey data were collected in Excel. All data analyses as well as plotting of the data were performed using R software (V.3.1.2) [9] [10] [11] [12] [13] [14] [15] [16] , 17 18 . A summary of the data was created for continuous data, which included minimum, maximum, mean and median values. Barplots with error bars (representing 95% CIs) were produced to provide an overview of possible associations of prevalence of IC with the continuous or categorical variables. Power calculations were performed in Epi Info V.7.
Statistical analysis
If IC was present, this was defined as IC 'yes' (Dacre grade ≥1) and if IC was absent, this was displayed by IC 'no' (Dacre grade 0) 3 ( Fig  1) .
The frequency of presence of IC (in either rostral or caudal infundibulum; in either the 100 or 200 arcade) at each cheek tooth position (06-11) was calculated for all horses in the study. The prevalence of IC was compared between the cheek tooth position most commonly affected by IC and the other cheek teeth positions combined using a McNemar's test (to account for matching within horse).
A McNemar's test was used to compare the frequency of presence of IC between the 12 rostral and the 12 caudal infundibulae.
Model building
Graphical examination of the log odds of the outcome (presence/ absence of IC in any tooth in a horse) with each continuous predictor was performed to check whether there was a non-linear, categorical or alternative relationship. If this was the case then binary, polytomous categorical (quartiles or quintiles) or quadratic and cubic terms were taken into account while examining the univariable relationships then constructing the multivariable model. 19 Akaike information criterion was used to determine the best form of the variables. A numerical sequential coding system was used for nominal and ordinal categorical variables, with number 1 allocated to the reference group.
Associations between potential risk factors and the presence of IC were examined using univariable logistic regression analyses. Variables were taken into consideration for inclusion in the multivariable model if the P value was <0.2, if a variable was biologically plausible to be a risk factor and/or if a variable was shown to be a significant risk factor in another study. Log likelihood values were used to order the variables before these variables were inserted sequentially in a single level multivariable regression model. A P value <0.05 was the threshold for retaining the variables in the multivariable regression model. For comparing the categories with the reference category the Wald test P value was used.
An assessment of confounding between variables was performed by adding each variable one by one into the final multivariable logistic regression model. If the ORs of variables in the final multivariable model changed by more than 20 per cent after insertion, 19 then confounding was assumed to be present and the confounding variable was kept in the final multivariable model with adjustment of the ORs.
Correlation coefficients were calculated between all continuous variables of the final multivariable model and if these were >0.4 or <−0.4, then these variables were omitted individually from the model to determine the effect. Interaction terms between each pair of variables were produced and assessed in the final model, with significant interaction terms retained. After creating the final multivariable model with only fixed effects, the effect of including observer as random effect was examined.
Fit of the model
The Hosmer-Lemeshow goodness-of-fit test with 10 groups was used to assess the fit of the final multivariable model. 20 A receiver operating characteristic (ROC) curve was generated to determine the predictive ability of the model.
Results

Participants and horses
This IC survey was carried out between February and September 2015, similar to a companion study. 8 Ten veterinarians and six dental technicians (BAEDT members) from Wales and England and nine Scottish veterinarians participated in the survey.
A total of 706 dental charts and questionnaires from 706 different horses were completed and returned for analysis, with a median of 26 returns/examiner (range 1-72). At the completion of the survey, all participants were sent a caries grading test which confirmed that all could differentiate cheek teeth with IC (grade 1 or higher IC) from cheek teeth without caries (grade 0, normal infundibulae).
The age of horses in this study ranged from 3 to 38 years (mean age 12.1 years). Reason for the current dental examination was given as routine dental examination in 83.6 per cent (570/682) of cases; 7 per cent (48/682) were examined because of dental/bitting problems and 9.4 per cent (64/682) for other reasons. No reason for dental examination was recorded in 24 horses. There was no statistical significant difference in prevalence of IC between the group of horses having routine examination and the group of horses examined for dental/bitting problems.
Location of the horses included in the survey
The geographical distribution of the 706 horses in the survey included large areas of Southern Scotland, England and Wales as previously reported. IC of either rostral, caudal or both infundibulae was most severe and most commonly present in the Triadan 09s, with at least one 09 infundibulum affected in 39 per cent (276/706) of horses (Fig 2) . The 09s were significantly more frequently affected than the other maxillary cheek teeth Triadan positions (OR=2. 15 
Diet
No significant relationship was found between prevalence of IC and type or amounts of concentrates fed. The prevalence of IC was slightly, but not significantly higher in horses fed hay (48 per cent, 190/396) than in those fed chaff (46 per cent, 66/144) or haylage (43 per cent, 140/328). There was no significant association between prevalence of IC and duration of time spent at pasture.
Fluoridation of drinking water
Risk factors for caries
Of the 14 variables which were analysed at the univariable level (see online supplementary information table S5), four were considered for inclusion in the multivariable model.
Final multivariable model with only fixed effects
Six hundred and sixty-seven horses (297 of which had IC), with sufficient information were included in the final multivariable model (table 1) , three variables were found to be associated with increased likelihood of IC: the presence of PC; the presence of 
Concurrent dental disorders
Concurrent dental disorders, other than PC, were recorded in 69.7 per cent (465/667) of cases. Horses with multiple dental disorders other than PC (any combination of dental disorders: dental fracture/diastema/overgrowths/'other ' dental disorder) were significantly more likely to have IC (OR=1.62, 95% CI 1.01 to 2.6, P=0.045) than horses without any concurrent dental disorder.
Age
The median age was 11.0 years (SD=5.9, IQR=9). The prevalence of IC increased significantly with increasing age (OR=1.11, 95% CI 1.08 to 1.15, P<0.001) (Fig 3) .
Geographical region
The prevalence of IC varied between regions (Fig 4) 
Final multivariable model with observer as random effect
Six hundred and seventy-eight horses (302 of which had IC) with sufficient information were included in the final multivariable model with observer as random effect ( 
Fit of the models
The P value of the Hosmer-Lemeshow goodness-of-fit test was 0.11 for the final model without observer as a random effect and 0.89 for the model with observer as a random effect, indicating less evidence of lack of fit for the latter model. The predictive ability of the final model without observer as a random effect was fair (area under ROC curve=0.77), but was good for the model including observer as a random effect (area under ROC curve=0.87).
Discussion
Using clinical examination of the occlusal surface of cheek teeth, a 45.5 per cent prevalence of IC was found in this study of UK horses. Major differences in the prevalence of IC have been reported in different studies varying from 8 per cent 21 to 90 per cent. 22 Some of this variation is likely due to interstudy differences in IC classification, with the central infundibular cemental defect (a remnant of a developmental vascular channel) that can be dark stained in some teeth, 22 being classified as IC by some authors. The other major cause of interstudy differences in IC prevalence is related to the method of study, with imaging studies 23 24 and pathological studies 6 6 21 25 able to identify subocclusal lesions and thus not surprisingly reporting higher IC prevalences than studies (such as this) that used clinical examination of the occlusal surface only. 1 For example 22 found evidence of infundibular abnormalities in 90 per cent of maxillary cheek teeth using computed tomography (CT) but found occlusal infundibular lesions in only 65 per cent of these teeth. It is apparent that clinical surveys of IC prevalence should only be compared with other clinical surveys. Unlike some previous studies, the current survey had well-defined guidelines on what constituted an IC lesion and was performed by experienced operators and thus should provide more accurate results than some other clinical studies. Finally, the age of the study population will also influence prevalence due to the age-related increase in IC prevalence found in this disorder.
In this survey, IC was most severe and most commonly present in the Triadan 09s as also found in other studies. 6 21 It has been suggested that the 09s are more prone to IC due to their older dental age (time since eruption) compared with the other cheek teeth. 26 More recently, 6 have proposed that the 09 tooth is more commonly affected by IC because it has less time (11.5 months) to develop than the remaining cheek teeth, which have 16-21 months development time. The lowest prevalence of IC was found in the Triadan 11s, which could be explained by the late eruption time of these teeth, but also could be related to difficulties in visualising these infundibulae, particularly in unsedated animals and without use of an oral endoscope.
In this study, the rostral infundibulae were more commonly affected by caries than the caudal infundibulae in all Triadan positions. 27 have proposed that this difference is due to earlier loss of the rostral infundibulum's subgingival accessory blood supply than the caudal accessory blood supply to the caudal infundibulum. This proposal is supported by a CT study where infundibular changes were shown to be more frequently present in the rostral than in the caudal infundibula in horses with and without clinical signs of an apical infection. 25 Fitzgibbon et al 21 also found the rostral infundibulae of longitudinally sectioned teeth to be more commonly affected with areas of total cemental hypoplasia (aplasia) (24.4 per cent prevalence) compared with caudal infun- 8 per cent) . However, they found complete IC more common in the caudal (9 per cent) than the rostral infundibula (7.2 per cent) 21 . Although 62.6 per cent of horses with IC had both IC and PC, and IC was significantly associated with PC in a multivariable model with only fixed effects, when observer was included as random effect, there was no longer any significant association between the presence of IC and PC. Additionally the association between the presence of IC and multiple dental disorders did not remain significant when observer was included as a random effect. The inclusion of observer as a random effect improved the fit of the model, suggesting that the risk factors in that (multilevel) model may be more reliable than those from the model without the random effect. However, because the reliability of the observers in grading IC had been confirmed (although practically there is a difference between grading IC from a picture and grading the infundibulae of teeth in the oral cavity of a live horse, even when sedated) and the true associations between risk factors and IC are unknown, the results of both models have been reported. Further studies with larger numbers of observers and/or increased numbers of horses per observer would help evaluate this further.
The prevalence of IC was significantly associated with increasing age. This is likely because many areas of infundibular cemental hypoplasia that lie deep in infundibulae progressively become exposed on the occlusal surface with normal wear. Subsequent food impaction in these defects predisposes these sites to develop IC, which weakens the tooth and may even lead to a midline sagittal fracture or apical infection. 25 There were insufficient horses in this study with dental fractures alone to accurately assess their association with IC frequency. Some of the categorisations of risk factors resulted in small group sizes, which may explain lack of observed significance when considering the results of the power calculation. Recruitment of a larger sample population would help clarify associations.
The region with the highest prevalence of IC was the Midlands (69.7 per cent) while the lowest prevalence was found in South West England (16.9 per cent), but it is unclear what causes these regional differences. It may have been due to horse-related factors, although the association between IC and region did not change significantly when horse-related factors such as breed and use were included in the model. Instead these regional differences in prevalence may have been due to differences in observer skill and accuracy, but these regional differences remained when observer was included in the model as a random effect. Additionally, horse management may vary between regions and regional geographical differences in soil and climate could play a role in pasture quality, including differences in grass species and content. The prevalence of PC also varied between different geographical regions 8 but this regional variation was dissimilar between the two studies. For example, in this study the highest prevalence of IC was found in the Midlands, while the lowest prevalence of PC was recorded in that region. 8 It has been proposed that the high prevalence of IC in European horses is due to high levels of concentrate feeding that provides a substrate for cariogenic bacteria. 26 However, this study found no relationship between IC prevalence and levels of concentrate feeding, or indeed between different types of forage feeding, that is, haylage, hay or chaff or surprisingly in the duration of time spent at pasture throughout the year. This might be related to the case numbers in this study but it may also indicate that IC development does not require any specific type or amount of food as long as there is enough dietary substrate (ie, fermentable carbohydrates) for cariogenic bacteria. In the absence of detecting any significant environmental factor that could be modified to reduce the prevalence of IC, it appears that directing attention to treating susceptible maxillary cheek teeth, that is, those with large developmental cemental defects or significant IC, would be more rewarding. Equine oral bacteriology has been a neglected field and further research in that area would also be helpful.
Conclusion
In conclusion, this clinical survey showed that IC affected the occlusal surface of maxillary cheek teeth in 45.5 per cent of UK horses and that its prevalence significantly increased with age. It was most commonly observed in the Triadan 09 teeth and more commonly in the rostral than in the caudal infundibulae. The prevalence of IC varied in different regions and in contrast to expectations, no links with diet or management were observed. 
